INTRODUCTION
Cellulose is the most abundant biological material on earth. Hydroxyethyl cellulose (HEC) is obtained from the chemical reaction of ethylene oxide with cellulose. 1 Thanks to its high solubility in water, HEC is widely used in various industrial and biomedical applications. 2−5 For example, it is widely used as a thickening agent in paints, 6−9 textiles, 5,9,10 membrane preparations, 11, 12 drug delivery, 13−18 and tissue engineering. 19−22 Nevertheless, despite its importance in industrial processing, the rheological properties of HEC solutions are still not well understood, and HEC morphology in solution remains a matter of debate. While the majority of rheological studies 1, 19, 23, 24 agree on the non-Newtonian nature of aqueous HEC solutions (i.e., that they exhibit shear-thinning behavior, especially at relatively high HEC concentrations and shear rates), it is unclear whether HEC in water is a flexible linear polymer 1,23−27 or a rod-like fibril. 28 Solutions containing different microstructural variants tend to exhibit very different rheological properties, both in terms of concentration-dependent (zero-shear) viscosities and their frequency-dependent viscoelastic properties, as shown by the pioneering studies of Doi and Edwards. 29, 30 In this work, we have investigated aqueous HEC solutions by employing "seven" different rheological techniques, each able to explore the viscoelastic properties of HEC at different length scales, including (i) conventional bulk-rheology using a stresscontrolled rotational rheometer; 31 microrheological methods (ii) optical tweezers (OT), 32−38 (iii) diffusing wave spectroscopy (DWS), 39, 40 (iv) dynamic light scattering (DLS), 41, 42 and (v) multiple particle tracking (MPT), 43−48 plus two microfluidics platforms (vi) m-VROC 49, 50 (section 2.4.1) and (vii) the μ-rheometer 51, 52 (section 2.4.2). Results from all these techniques agree remarkably well over a broad range of concentrations and frequencies, allowing us (i) to reveal the viscoelastic nature of aqueous HEC solutions and (ii) to educe the concentration scaling laws governing the longest relaxation time of unmodified HEC solutions in semidilute unentangled and semidilute entangled regimes.
THEORETICAL AND EXPERIMENTAL BACKGROUND
2.1. Current Understanding of HEC Solutions. Despite the fact that HEC is widely used for a variety of applications (Figure 1 ), the rheological properties of aqueous HEC solutions remain controversial. 25, 28, 53, 54 Hoffmann et al. 53 concluded that HEC is an uncharged linear polymer, even though their results at low concentrations (in the dilute regime) agreed with theoretical scaling laws for polyelectrolyte solutions. They reasoned that this was due to charges on the HEC molecule. Nevertheless, at higher HEC concentrations (in the semidilute regime), their results followed theoretical predictions for uncharged linear polymers, 55 where interactions among charges were screened by the presence of other polymer chains. Similar conclusions were drawn by Laschet et al., 25 who reported that solutions of HEC behaved like those of uncharged linear polymers, obeying the extended Huggins equation. 56 Their findings are in agreement with many others. 1, 23, 24, 26, 27 Interestingly, recent works 28, 54 have offered new insights on the viscoelastic nature of HEC solutions. By means of a chemical process, Saito et al. 57 extracted cellulose microfibrils (with length ranging from nanometers to micrometers) from HEC. Subsequently, Ishii et al. 54 characterized solutions of such HEC microfibrils, finding that HEC solutions behaved like those of rod-like polymer solutions. Similar rheological observations were reported recently on fibrous and nanocrystalline cellulose. 58−61 Arfin and Bohidar 28 captured scanning electron microscope (SEM) images and rheologically characterized HEC solutions with different molecular weights. They confirmed the presence of HEC microfibrils even without chemical treatment. However, their rheological studies agree well with theoretical predictions developed for solutions of random coil polymers. 55 Moreover, bear in mind that SEM images are taken of dried samples, and caution must be taken when comparing results obtained from wet samples.
Conventional Bulk Shear Rheometry.
Rheology is the study of matters in flow. Conventionally, rheological studies focus mainly on mechanical properties of complex fluids (e.g., polymer melts) under flow. Thanks to the continuous development of theoretical models, 29, 64, 65 relating the frequency-dependent linear viscoelastic properties (LVE) of materials to their molecular structures and dynamics, linear rheological measurements have proven invaluable for gathering microstructural information on samples at different length scales. 66, 67 The LVE properties of a material can be represented by its frequency-dependent complex shear modulus G*(ω) = G′(ω) + iG″ (ω); where ω is the angular frequency, i is the imaginary unit (i.e., i 2 = −1), and G′(ω) and G″(ω) are the material storage (elastic) and loss (viscous) moduli, respectively. Conventionally, linear bulk rheology measurements are performed by means of a stress-controlled (or strain-controlled) rotational rheometer, where a sinusoidal stress (or strain) is applied and the resulting strain or stress of the material is measured. These measurements are commonly limited (i) in the range of accessible high frequencies because of the instrument inertia (with a maximum value on the order of 100 Hz) and (ii) by the sensitivity required to measure very low viscosity fluids, 35 as well as (iii) the sample volume required to perform the measurement (on the order of milliliters), which is a limiting factor when materials are available only in small quantities (precious materials). 68 Modern microrheology 41, 69 and microfluidic 50, 51, 70 techniques have significantly extended the range of experimentally accessible frequencies (or time scales). This is mainly due to the micron length scales at which the measurements are performed (i.e., low inertia), but also thanks to the high sampling rate of modern detectors.
2.3. Microrheology. Microrheology is underpinned by the same principles that govern classical rheology, but experiments and information are obtained at micron length scales. 69 The most popular microrheology techniques involve passive video particle tracking (PVPT), 71 In particular, the mean square displacement is evaluated, from which rheological parameters can be derived. 62, 63 Microfluidics technique (right) is used to measure the longest fluid shear relaxation time by counting the number of particles aligned on the channel centerline at a fixed distance from the channel inlet. techniques include: 79 laser-deflection particle tracking, 80 particle interferometric tracking, 81,82 confocal particle tracking, 83,84 and angular light streak particle tracking. 85 With the exception of AFM, these techniques are all based on the measurement of the motion of tracer particles introduced into the fluid under investigation. In particular, there are two broad classes of microrheology techniques: (I) those measuring the passive motion of particles due to thermal (Brownian) fluctuations of molecules in solution, and (II) those involving active manipulation of probes by means of an externally applied force field. Both classes of methods directly relate timedependent tracer trajectory (r(t)) to the frequency-dependent LVE properties of the suspending fluid.
In particular, when a micron-sized spherical particle is immersed in a fluid at thermal equilibrium, it experiences random forces due to thermal fluctuations of the surrounding fluid's molecules. For freely diffusing particles, the statistical mechanics study of their trajectories can provide information on the viscoelastic properties of the suspending fluid.
62 Similarly, when the particle motion is constrained or driven by an external applied force (e.g., a harmonic potential generated by the optical tweezers), the particle trajectory can be described by applying a generalized Langevin equation similar to that introduced by Weitz and Mason, 62 but with an extra term F E (t) accounting for the external force acting on the particle:
where m is the mass of the particle, a(t) is its acceleration, v(t) is its velocity and F R (t) is the usual Gaussian white noise term, modeling stochastic thermal forces acting on the particle. The integral term represents the viscous damping by the fluid. This is defined as the convolution between the particle velocity and a generalized timedependent memory function ζ(t), that embodies the viscoelastic nature of the fluid. For instance, in the case of optical tweezers, F E (t) = −kr(t), where k is the stiffness of the optical trap.
In general, it has been shown 62, 74, 86, 87 that eq 1 (with or without F E (t)) can be solved to find G*(ω) in terms of the Fourier transform (FT) of either the particle position (r(ω)) or one of the related timeaveraged functions, shown in Table 1 . In Table 1 , the inertia term (mω 2 ) reported in the original expressions 62,74,86−88 has been disregarded because for micron-sized particles it becomes significant only at frequencies on the order of megahertz.
2.4. Microfluidic Rheometry. 2.4.1. Viscosity Measurement. Measurements of fluids' viscosity by means of capillary viscometers have become a standard procedure for rheological studies as soon as the measurement of high shear rate become achievable. 31 The same principles can be transferred to micrometer length scales, once an accurate measure of the pressure drop Δp in the microchannel is fulfilled. 49, 50 The highest shear rate achieved in a micrfluidic device depends on the onset of fluid dynamic instabilities in the microchannel, 49 which occurs at γ̇∼ 10 4 − 10 5 s −1 , for low viscosity fluids. The lowest shear rate depends on the diameter of the syringe used to pump the fluid, on the pumping system itself, and on channel dimensions. 49 Generally, for low viscosity fluids (with a viscosity value of the order of η ∼ 10 −3 − 10 −1 Pa·s), such as dilute and semidilute aqueous polymer solutions, the lowest shear rate is γ̇∼ 10 3 − 10 1 s −1 , respectively. Notably, when combined, microfluidic-and bulk rheology enable rheological characterization of the fluids over a wide range of shear rates.
For these measurements, the wall shear stress σ wall and the apparent wall shear rate γ̇w all,app in a rectangular channel are defined as
where W is the channel width, H is the channel height, Q is the imposed flow rate, and L is the distance between the inlet of the capillary channel over which the pressure drop Δp is measured. Notice that, for Newtonian fluids the apparent shear rate γẇ all,app is equivalent to the true shear rate γ̇w all ; whereas, for viscoelastic fluids the true shear rate is obtained through the well-known Weissemberg− Rabinowitsch correction: 
The true viscosity is then measured as
The microfluidic platform used in this work for measuring the shear viscosity of HEC solutions is called m-VROC (RheoSense, Inc.).
2.4.2. Longest Relaxation Time Measurement. Even though m-VROC is a very precise tool for measuring the shear viscosity of fluids, it is unable to directly measure the fluid's longest relaxation time λ. This can be inferred by employing the Bird Carreau model, 89 which adopts λ as a fitting parameter of the viscosity shear flow curve. An alternative and direct measurement of λ has been made possible thanks to novel microfluidic platforms, 51, 90 including the recently developed μ-rheometer. 91 The μ-rheometer is able to reveal λ by observing the transverse migration of micrometer-scale particles in a Poiseuille flow. 91−95 The working principle of the μ-rheometer can be summarized as follows: when micron-sized particles suspended in a Newtonian liquid flow at low flow rates (i.e., in inertialess fluid dynamic conditions) in a straight channel, they can only follow the streamlines in the direction of the flow due to the reversibility of the Navier−Stokes equations. 96 The scenario changes for a viscoelastic fluid. In particular, the polymer chains act as small springs that, when deformed by the Poiseuille flow, generate an elastic force able to push the suspended particles toward either the channel centerline 91 or the corners of a square-shaped microchannel. 95 In order to reach those positions, particles must migrate across the streamlines. Dynamics of the transverse migration toward the centerline is governed by a single dimensionless parameter: 97 
is the FT of the particles' mean-square displacement (MSD) ⟨Δr 
where L is the distance from the channel inlet, H is the characteristic length of the channel, β = D p /H is the confinement ratio (with D p the particle diameter), De = kλγċ is the Deborah number, which contains the fluid's shear relaxation time λ and a characteristic shear rate γ̇c. The value of the parameter k depends on the unit of λ. In particular, k = 1 for λ = [s/rad]; whereas, k = 1/2π for λ = [s]. In this work, we use k = 1 because the values of λ obtained from the μ-rheometer have been compared with those extrapolated from the linear viscoelastic response of the HEC solutions at different concentrations, where ω = [rad/s]. As described in Del Giudice et al., 95 the fraction of particles aligned at the centerline, f 1 , is given by
which is an interpolating analytical expression of the theoretical model depicting the transverse migration of particles in straight channels, with constants values of B = 2.7 and C = 2.75 obtained as best curve fit parameters. 95 By measuring the fraction of particles aligned on the channel centerline at a distance L from the inlet position, the parameter Θ can easily be evaluated and so λ via eq 6. Notice that, based on the underlying assumptions of the theoretical model, eq 7 is only valid when (i) Θ < 1, i.e. generally for small De (values of De ∼ 0.1−0.5 have been previously used 95, 97 ) and (ii) small confinement ratio β = d p /H ∼ 0.1, where d p is the particle diameter. Once these conditions are satisfied, eq 7 represents a universal relation. In this work, we have used a square-shaped μ-rheometer, where the characteristic length is the channel height H, and the characteristic shear rate is γ̇c = 4 Q/H 3 . The shear relaxation time λ can be derived from the inversion of eq 7:
2.5. Concentration Scaling Laws for Flexible and Rod-Like Polymer Solutions. We now review the concentration scaling laws for flexible 55 and rod-like 98, 99 polymer solutions. We focus on the scaling laws of shear viscosity and relaxation time as a function of polymer concentration only, because the polymer molecular weight of HEC is kept as a constant in our study.
2.5.1. Flexible Polymer Solutions. For flexible polymers, we highlight the existence of four concentration regimes, within which the shear viscosity and the relaxation time follow defined power laws with respect to polymer concentration and solvent quality. Different solvent qualities lead to different polymer conformations in solution. 100 These four regimes are identified as follows: (i) the dilute regime at concentration c < c* (c* the so-called overlapping concentration), where the polymer chains do not interact with each other; (ii) the semidilute unentangled regime at concentrations c* < c < c e (c e the so-called entanglement concentration), where polymer chains start interacting hydrodynamically; (iii) the semidilute entangled regime at concentrations c e < c < c**, where polymer chains are "loosely" entangled; and finally, (iv) the entangled regime for concentrations c > c**, where the polymer chains are "tightly" entangled.
Concentration scaling laws of viscosity within these regimes are also able to reveal important information about the "quality" of the solvent by means of the dimensionless scaling exponent ν. In particular, a value of ν = 0.5 corresponds to the so-called θ-solvent, a value of ν = 0.6 defines a good solvent, while a value of ν = 1 represents polyelectrolytes without salt. 55 Different values of ν identify the three universality classes for polymer solutions. 100 Moreover, the value of ν does not depend on the polymer regime investigated. 55 We now show the concentration scaling laws for the specific viscosity η sp 0 of the polymer solution at zero-shear rate, which is defined as follows:
where η 0 is the zero-shear viscosity of the polymer solution and η s is the solvent viscosity. The concentration scaling laws of η sp 0 and λ in the semidilute unentangled regime are described as 
A full discussion on scaling laws in flexible polymer solutions can be found in the book of Rubinstein and Colby 100 or in Colby. 101 Nevertheless, in the case of rodlike polymers (with a persistence length much bigger than the contour length), three polymer concentration regimes are generally acknowledged: 98 (i) the dilute regime, where rod-like polymers do not interact with each other; (ii) the semidilute or entangled regime where rod-like polymers are entangled with each other; (iii) the concentrated regime, where rod-like polymers can be oriented, leading to the so-called nematic phase.
98
The concentration scaling laws for the specific viscosity η sp 0 in the dilute and semidilute regimes are 
with obvious meaning of the subscripts. In the concentrated regime, theoretical predictions of general validity cannot be formulated, because of the occurrence of the material's phase transition from isotropic to nematic state. The linear viscoelastic properties of the latter are material dependent, and therefore can change case by case.
Interestingly, within the above two concentration regimes, λ is either not defined or independent by the polymer concentration, respectively. Indeed, in the dilute regime, the presence of rod-like polymers affects only the (Newtonian) viscosity of the solvent (because of the increase of contact area between the polymer and the solvent), but not the solution's dynamics (because the polymer molecules (i) cannot be deformed (rod-like) and (ii) are diluted). Whereas, in the semidilute (entangled) regime, λ depends only on the polymer molecular weight (i.e., rod length) and not on its concentration. 98, 99 3. MATERIALS AND METHODS 3.1. Materials. Hydroxyethyl cellulose with a nominal average molecular weight of M w = 250 kDa was purchased from Sigma-Aldrich. The value of M w = 250 kDa has been "estimated" by the manufacturer from their viscosity measurements. Here, we perform our own characterization of the polymer. We conducted dynamic light scattering measurements (LS Instruments, AG) and measured the polymer's average molecular weight M w , its radius of gyration R g and the second virial coefficient A 2 by means of a Zimm plot. 102 The sign of A 2 represents either repulsion (A 2 > 0) or attraction (A 2 < 0) between chains. When A 2 > 0 the solution is stable, but when A 2 < 0, polymer chains can aggregate, leading to phase separation. 100 The Zimm plot is obtained from light scattering measurements on dilute polymer solutions at different angles. We carried out dynamic light scattering measurements (section 3.5) on HEC solutions from 0.005 to 0.03 wt%. For each concentration, we explored five scattering angles from 30°to 110°, with 20°increment. For each angle, we performed three independent measures, each of duration of 180 s Macromolecules Article (chosen based on the longest measuring time required to derive the autocorrelation function at the smallest angle). The materials' parameters can be derived from the following equation:
where c is the polymer concentration, K is an optical constant depending on the refractive index increment dn/dc with n the refractive index, θ is the scattering angle, ΔR is the excess Rayleigh ratio (i.e., the difference between the Rayleigh ratio of the solution and that of a standard fluid; in this case, Toluene), and q is the scattering vector. The refractive index increment dn/dc = 0.14 ml/g has been measured on the same set of HEC solutions with an Anton Paar Abbemat refractometer. The Zimm plot is obtained by plotting
versus q 2 + ϕc, where ϕ is a shifting factor determined by the software accompanying the DLS instrument. Once the measurements are performed, the DLS software fits the data and extrapolates the values at c = 0 and θ = 0 to obtain the aimed parameters (Figure 2 
with [η] expressed in mL/g. We found [η] = 1034 ± 220 mL/g and M w = 604 ± 143 kDa, which is closer to the one obtained from the Zimm plot, than the value estimated by the manufacturer. Finally, the persistence length for HEC in water has been reported 105,106 as 10 < l p < 30 nm.
Our rheological investigations employed aqueous solutions of HEC at mass concentrations ranging from 0.05 wt% to 7 wt%. Solutions were stirred at 200 rpm for 48 h at room temperature. The obtained solutions were transparent, and no aggregates were observed. All experiments were carried out within 2 weeks of initial sample preparation to prevent sample degradation.
3.2. Bulk Rheology Measurements. Rheological measurements were performed by using a stress-controlled rotational rheometer MCR 302 (Anton Paar Instrument) with the lowest torque values of ∼0.1 μNm. The measurements were performed with a cone and plate geometry with 50 mm in diameter and 1°angle. Experiments were performed at a temperature of 22°C and the rheometer was equipped with a solvent trap to avoid fluid evaporation.
3.3. Optical Tweezer Measurements. Optical trapping was achieved with a titanium-sapphire laser with a 5 W pump (Verdi V5 laser; Coherent Inc.), which provides up to 1 W at 830 nm. The optical tweezer system is built on an inverted microscope, where the same objective lens (100x, 1.3 numerical aperture, Zeiss, PlanNeofluar) is used for both focusing the trapping laser beam and visualizing the thermal fluctuations of a single 5 μm diameter silica bead. Samples were mounted on a motorized microscope stage (Prior Pro-Scan II). A CMOS camera (Dalsa Genie HM640 GigE) was used to collect high-speed images of a reduced field of view. These images were processed in real time at ∼1 kHz using homemade LabVIEW (National Instruments) single-particle-tracking software 107 running on a personal computer. Note that each trajectory represents at least 10 6 data points. Experiments were performed at 22°C.
3.4. Diffusive Wave Spectroscopy Measurements. Diffusive wave spectroscopy (DWS) measurements were performed by using a commercially available instrument (DWS-rheolab, LS Instruments AG). The DWS-rheolab uses a diode laser module with a wavelength of 685 nm and an output power of 40 mW. This machine analyses laser fluctuations generated by the collective Brownian motion of concentrated particle suspensions. Particles with diameter d p = 0.4 μm (MicroParticle GmbH) were suspended in the HEC solution at a particle concentration of 1 wt%. The sample was loaded in the standard sample cell with length of 2 mm. A calibration curve with water was performed in the same sample cell, and at the same particle concentration used for HEC solutions. The autocorrelation function was converted in G′(ω) and G″(ω) by using the method of Mason. 63 Experiments were performed at 22°C.
3.5. Dynamic Light Scattering Measurements. Dynamic light scattering DLS measurements were performed with a 3D LS spectrometer from LS Instruments AG. The scattering angle can vary from 20°to 155°. This method is based on the analysis of the laser fluctuations generated by the collective Brownian motion of dilute particle suspensions. Particles with diameter d p = 0.4 μm (MicroParticle GmbH) were suspended in the HEC solutions at a volume particle concentration of 0.001 vol %. The autocorrelation function was measured at an angle of 30°and then converted into G′(ω) and G″(ω) via the method of Mason. 62 Experiments were performed at 22°C.
3.6. Multiple Particle Tracking. Multiple particle tracking based optical microrheology (MPT) experiments were performed using an inverted fluorescence microscope (Axio Observer D1, Zeiss), equipped with a Fluar 100×, N.A. 1.3, oil-immersion lens combined with a 1× Optovar magnification changer. We tracked the Brownian motion of green fluorescent polystyrene microspheres of 0.5 μm (Bangs Laboratories) used as tracer particles. Images of these fluorescent beads were recorded on a personal computer using an sCMOS camera Zyla X (Andor Technology: 21.8 mm diagonal sCMOS sensor size, 2160 × 2160 pixels). Displacements of particle centers were monitored in a 127 × 127 μm field of view, at a rate of 50 frames/ s. Movies of the fluctuating microspheres were analyzed by a custom MPT routine incorporated into the software Image Processing System (Visiometrics iPS) and a self-written Matlab program 47 based on the widely used Crocker and Grier tracking algorithm. 108 Additionally, to perform statistical analyses and to characterize the microstructure heterogeneity, we examined the distribution of displacements, known as the Van Hove correlation function 109, 110 given by 
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where r i (τ) is the distance traveled by a particle i in a time τ. N(r, τ) is the number of particles that move a distance between r and (r + dr) in a time interval τ, and N is the total number of particles. If all particles are exposed to similar environment, G s (r, τ) has a Gaussian form. Deviations from this form reflect the presence of heterogeneities, and can be characterized by the non-Gaussian parameter α:
This quantity is zero for a Gaussian distribution, while deviations from this distributions can result in a large α value. 3.7. Microfluidic-Based Measurements. Two different microfluidic platforms were used to characterize the fluid rheology: (i) m-VROC from Rheosense, Inc. and (ii) homemade μ-rheometer. The first device was used for measuring the shear viscosity of HEC solutions at high shear rates, whereas the μ-rheometer was used to measure the fluid's longest shear relaxation time.
The m-VROC consists of a microfluidic channel with several pressure sensors being placed along the channel. The fluid is pumped inside the channel (depth h = 100 μm, made of pyrex mounted on a gold-coated silicon base) at an imposed flow rate and the pressure drop is measured.
The μ-rheometer is made of a straight square-shaped microfluidic channel (lateral side H = 100 μm, made of PolyMethylMethacrylate). The channel is milled on the PMMA substrate using a micromilling machine (Minitech CNC Mini-Mill) following a procedure reported previously. 91 After fabrication, the channel is bonded onto another PMMA substrate by immersing the two pieces in absolute ethanol (from Sigma-Aldrich) for ∼20 min, clamping them together, and putting the device into an oven at T = 40°C for about 2 h. Polystyrene particles with D p = 10 μm are suspended in each of the fluid investigated, at a volume fraction ϕ = 0.01%.
RESULTS AND DISCUSSION
In principle, when different rheological techniques are employed for measuring the material's linear viscoelastic properties, their results should either be identical (if the investigations are performed over the same range of frequency) or should overlap over a discrete region of frequencies, so that the overall outcome of the rheological study would be "selfconsistent". Unfortunately, these conditions are rarely satisfied in literature when bulk-and microrheology measurements are compared. 111, 112 In the following, we present results obtained from linear and nonlinear bulk-rheology, passive microrheology and microfluidic rheology, which show remarkable agreements and allow us to reveal new insights on the morphology of HEC in aqueous solutions.
4.1. Viscosity Curve. In order to explore the nonNewtonian nature of HEC solutions, we first investigated how shear viscosity (η) varies as a function of the shear rate γḟ or HEC solutions at different mass concentrations. In particular, we have measured the viscosity curves over a wide range of shear rates (see Figure 3 ) by employing two complementary rheometers: a conventional rotational shear rheometer and a m-VROC device. Notice that, in Figure 3 we have displayed only a few selected viscosity curves, to ensure a better visualization and critical analysis. Figure 3 shows that at relatively low HEC mass concentrations (i.e., for c < 0.3 wt%), solutions behave almost like a Newtonian fluids in the range of shear rates investigated, 10°< γ̇< 10 4 s −1
. At relatively higher concentrations (i.e., for c > 0.3 wt%) they exhibit a typical non-Newtonian (i.e., shearthinning) behavior, where viscosity curves start with a plateau region at low γ̇and then drop at relatively high shear rates, as reported in literature by others. 1, 23, 24, 26, 27 The microscale m-VROC device enables us to reach the high shear rate (500 < γ̇< Measuring η 0 reliably allows us to evaluate the specific viscosity at zero-shear (η sp 0 , see eq 9), which then can be adopted not only to identify different concentration regimes (Figure 4 ), but also to discriminate between different structures adopted by the polymer in solution (coil-like or rod-like), as described hereafter.
At concentrations c < 0.4 wt%, the m-VROC derived measurements are not as accurate as at higher concentrations. This is because the test capillary with larger characteristic dimensions (i.e., height H and width W), required to investigate shear rates lower than γ̇∼ 10 3 s −1 (section 2.4.1), is not available in our lab.
In Figure 4 , we show a comparison between the specific viscosity measured by applying three different rheological techniques for HEC solutions with concentration ranging from c = 0.05 wt% to c = 7 wt%. It is possible to identify two concentration regimes. For c < 0.3 wt%, the specific viscosity scales as η sp 0 ∝ c 1.45±0.07 with a dimensionless exponent ν = 0.55 ± 0.02, evaluated via eq 10. These values are in good agreement with both the theoretical prediction for the semidilute unentangled regime of flexible polymers solutions, 55 and with the experimental evidence reported in the literature, both for polymers in good solvents 113 and for HEC solutions. 26, 28 Whereas, the concentration functionality of the specific viscosity is significantly different from those predicted for rod-like polymers either in the dilute regime (η sp 0 ,D ∝ c) or in the semidilute regime (η sp 0 ,D ∝ c 3 ).
For c > 0.3 wt%, we found η sp 0 ∝ c 4.21±0.01 with a dimensionless exponent ν = 0.57 ± 0.08. Both these values are in good agreement with theoretical predictions for flexible polymers suspended in good solvents and in the semidilute entangled regime. 55 Again, our experimental data at c > 0.3 wt% do not match any of the scalings reported for rod-like polymer solutions (see eq 12). Our viscosity measurements suggest that HEC in solutions behaves as a flexible polymer in good solvent, and not as a rod-like polymer, as observed elsewhere. 28 Notice that the value ν = 0.57 derived from η sp 0 ∝ c 4.21±0.01 should theoretically coincide with ν = 0.55 derived from the previous extrapolation in the unentangled regime. We ascribe the slight discrepancy between those two values to the experimental uncertainty. Moreover, the viscosity values shown in Figure 4 are in quantitative agreement with those reported in literature. 23, 25, 26, 28, 114 However, while some studies 26, 27, 53, 114 report the existence of two concentration regimes, as observed in this work, others report three regimes 23, 28 over the same range of explored HEC concentrations. This discrepancy is ascribed to fitting of experimental data in the concentration range 0.05 < c < 0.3 wt%. In fact, two polymer regimes can also be identified from our data set with scalings η sp 0 ∝ c 0.64±0.06 for 0.05 < c < 0.1 wt%, and η sp 0 ∝ c 1.22±0.09 for 0.1 < c < 0.3 wt% (data not shown). This identification would also be in agreement with an overlapping concentration c* = 0.1 wt% derived 100 from our experimental data set as the concentration at which η sp 0 = 1. The exponent 0.64 of η sp 0 is close to the exponent of 2/5 predicted for polyelectrolytes in salt-free solutions. 55, 115, 116 However, above c = 0.1 wt%, the theoretical prediction for polyelectrolytes in the semidilute unentangled regime and in salt-free solutions is 55, 115, 116 
, much weaker than that observed experimentally here, η sp 0 ∝ c 1.22±0.09 .
In addition, we did not fit our data set with two separate scaling laws in the concentration range 0.05 < c < 0.3 wt%, because a single scaling seemed adequate. Nevertheless, we cannot exclude the possibility that the semidilute unentangled regime spans a very narrow concentration range, e.g., 0.1 < c < 0.3 wt%. From Figure 4 , it is possible to identify the entanglement concentration as c e = 0.3 wt%. 4.2. Linear Viscoelasticity. Before proceeding further, we would like to highlight the empirical Cox−Merz rule, 117 which Some microrheology results are displayed in Figure 4 , where the specific viscosity has been determined in terms of the fluid complex viscosity |η*(ω)| = |G*(ω)|/ω evaluated at vanishing low frequencies (i.e., in the fluid's terminal region where G′(ω) ∝ ω 2 and G″(ω) ∝ ω). Bulk rheology results ( Figure 4 ) agree well with those obtained from two microrheology techniques (i.e., OT and DLS). Such agreement shows that microrheological techniques can be employed for the analysis of polymer solutions at low mass concentrations. Even though bulk rheology measurements alone can characterize the material, microrheological techniques can be employed for the rheological characterization of precious materials, where the available sample volume is relatively small and conventional techniques are not suitable. 38 On the other hand, for the characterization of polymer solutions at high mass concentrations, conventional bulk rheometry techniques are still preferable.
We now compare the frequency-dependedent linear viscoelastic properties of the HEC solutions measured employing "five" different rheological techniques. In particular, we focus our attention on the frequency behavior of the viscoelastic moduli of three HEC solutions having concentrations higher than the entanglement concentration c e = 0.3 wt%. Notwithstanding the quantitative agreement already shown in Figure 4 for HEC solutions at concentrations c < c e , it was not always possible to measure both the moduli for such solutions with the techniques used, as it is still the case for MPT measurements when c < 0.8 wt% (Figure 5a−c) .
Parts a−c of Figure 5 show the viscoelastic moduli G′(ω) and G″(ω) as a function of the angular frequency ω over more than 6 orders of magnitude in frequency. This is achieved by combining measurements performed with BR, OT, DWS, DLS, and MPT, for HEC solutions with three concentrations at 0.8, 0.5, and 0.4 wt%. The agreement among results from the five methods is apparent, though they explore different length scales and frequency ranges. Most remarkably, microrheology data obtained from DLS and DWS measurements have not been shifted vertically or horizontally, in contrast with other studies where a vertical shifting was applied. 111, 112 From Figures 5(a-c) , the moduli show similar frequency behavior for all three HEC solutions. At low frequencies, the moduli scale with frequency as G′(ω) ∝ ω 2 and G″(ω) ∝ ω, implying that the measurements are able to identify the material's terminal region, allowing λ extraction from the abscissa of the asymptotic crossover of the moduli. At high frequencies, microrheology measurements performed with DLS and DWS indicate that the moduli follow the theoretical prediction of linear flexible polymers, with G′(ω) ∝ G″(ω) ∝ ω 1/μ , where μ = 3ν for the Zimm model, giving μ = 3 / 2 in dilute θ-solvents and μ = 1.76 in good solvents. 55 Notably, the latter value is in quantitative agreement with μ = 1.75 evaluated from ν = 0.57 ± 0.08 obtained from the viscosity scaling-law ( Figure  4 ). Theoretical predictions for rod-like polymers would predict 99 G′(ω) ∝ G″(ω) ∝ ω 3/4 , which are significantly different form our findings. Hence, our linear viscoelasticity data follow the scalings for fully flexible polymers in good solvents and not those for rod-like polymers, in agreement with the findings reported in section 4.1.
We now discuss microrheology results obtained from optical tweezers (OT) and microparticle tracking (MPT). In the case of OT, while at low frequencies the results show good agreement with those obtained from bulk-rheology measurements, at high frequencies they seem to diverge from those obtained by using DLS and DWS. One possible cause could be the accuracy to which the displacement of the tracer is detected. Indeed, with regard to the bulk viscosity measurements ( Figure  3 ) for an HEC solution at concentration of 0.4 wt%, the rootmean-square displacement (RMSD) of a 5 μm diameter particle at a frequency value of 100 rad/s is expected to be τ πη
, which is very close to the camera resolution of the OT set up used in this work (i.e., on the order of a few nanometers 107 ). Whereas, at low frequencies, i.e., at long lag-times τ, the particle has sufficient time to diffuse a distance much longer than the camera resolution, hence, a better agreement with the bulk-rheology measurements. A similar issue would occur also for the 0.4 μm tracers, but at much higher frequencies because they diffuse 12.5× faster than 5 μm tracers under the same experimental conditions.
MPT measurements have been performed in the frequency range 0.1 < ω < 50 rad/s. This upper value is limited by the acquisition rate of our camera, typically 50 frames per second in full-frame mode. For all samples investigated, we found that MPT is in quantitative agreement with BR, OT and DLS measurements. In particular, in the case of G″(ω), absolute values are in very good agreement among all the techniques. In the case of G′(ω), MPT is not able to detect its contribution to Figure 6 . Mean square displacements (MSDs) of individual polystyrene microspheres of diameter 0.5 μm dispersed in HEC solutions of (a) 0.08 wt % and (b) 0.8 wt%. The red curve is the ensemble-average MSD. In both graphics, the black solid line represents a slope of one.
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Article particle diffusion, especially at low frequencies due to a loss of statistical information. Nevertheless, MPT provides useful information on microstructure around the Brownian tracer particles, as explained hereafter. Figure 6a and Figure 6b report two examples of MPT measurements performed on two HEC solutions at concentration of 0.08 wt% (in the unentangled regime) and 0.8 wt% (in the entangled regime). Both figures show the mean square displacements (MSDs) as a function of the lag-time for ∼200 polystyrene particles of diameter 0.5 μm dispersed in the solutions. In Figure 6a , the MSDs exhibit a linear trend as a function of the lag-time (⟨Δr 2 (τ)⟩ ∼ τ), indicating that the motion of tracer particles is purely diffusive and that the microenvironment surrounding the particles responds like a viscous liquid. For the sample in the entangled regime (Figure 6b ), MSD shows a power-law behavior as a function of the lag-time, with a slope slightly lower than one (⟨Δr 2 (τ)⟩ ∼ τ 0.85 ) in the time range 0.02 < τ < 1 s. This indicates that the motion of the particle is subdiffusive, which is the hallmark of viscoelastic behavior. At long times (τ > 1 s), the slope of the MSDs increases slightly to reach almost a value of one, indicating the transition into the material's terminal regime.
Statistical analysis of MSD distributions in a van Hove diagram 109,110 reveals a homogeneous structure of the solution at μm length scale for all HEC concentrations explored, with a non-Gaussian parameter of α ∼ 0. This result contradicts the presence of heterogeneous μm-size structure (i.e., cellulose fibers) reported by Arfin and Bohidar. 28 With regard to measurement of viscoelastic moduli of all explored concentrations, a general qualitative agreement is found between MPT and bulk rheology (Figure 5a) for HEC solution at c = 0.8 wt%.
4.3. Longest Relaxation Time. In order to find λ from frequency-dependent viscoelastic moduli, we linearly extrapolated toward high frequencies (in a log−log plot) the characteristic scaling laws of the moduli within the fluids' terminal region (i.e., G′(ω) ∝ ω 2 and G″(ω) ∝ ω). The abscissa of the intercept between the two straight lines provides a measure of the longest relaxation time λ. 31 Notice that, this is a common procedure that only applies when the terminal region of the fluid is clearly identified, which is a nontrivial condition in the case of bulk-rheology, especially for weakly viscoelastic fluids. 35 As an alternative, Del Giudice et al. 51 proposed a novel microfluidic platform for measuring λ (down to microseconds 52 ) of any (weakly viscoelastic) polymer solution.
In Figure 7 , we report the values of λ obtained from "five" rheological techniques. The agreement among these results is very good, apart from those obtained via the Bird−Carreau model, 89 which provides lower values of λ when compared with the other techniques.
By considering the same two HEC concentration regimes identified while analyzing solution specific viscosity, we fit λ with both eq 10 and eq 11 for c < c e = 0.3 wt% and c > c e = 0.3 wt%, respectively. For concentration values c < c e we found that λ ∝ c 0.58±0.06 , which is in good agreement with the theoretical prediction for flexible polymers with ν = 0.55 (in a rather good solvent), and consistent with our previous estimate of ν = 0.55 from specific viscosity measures (Figure 4) . For concentration values c > c e (semidilute entangled regime), the fitting procedure provides a concentration dependence of λ ∝ c 4.18±0.12 , the power law index being higher than theoretical values, 55 λ theo ∝ c 1.6 . Nevertheless, the exponent value of 4.18 is in good agreement with that reported by Haward et al. 105 (3.8) in the case of extensional rheology of a hydrophobically modified cellulose in an ionic liquid. They attributed the higher value of the exponent to the high degree of molecular interactions caused by the chain stretching. 113, 118 Another possible explanation for the discrepancy between the experimental and theoretical values of the exponents could be due to the formation of aggregates at higher HEC concentrations, as also reported by Arfin and Bohidar. 28 Aggregation is presumably caused by the formation of hydrogen bonds between HEC chains, which is more likely to happen at higher concentrations. A similar trend has also been observed for hyaluronic acid solutions (HA) in the entangled regime, 119 and possibly due to the existence of HA associations or microgels, suggested by scattering measurements. 120 Such aggregates should occur on length scales <1 μm, since our MPT measurements assured local homogeneity on length scales ≥1 μm. The disagreement between concentration scaling laws of the viscosity and the relaxation time (for the semidilute entangled regime found in this work) has been observed for polymer solutions. Clasen et al. 118 found that, even in the dilute regime, the concentration scaling law of the specific viscosity was in agreement with the theoretical predictions, while the relaxation time was not described by the same theoretical model.
CONCLUSIONS
In this work, we have performed an extensive rheological investigation of both the linear and nonlinear rheology of unmodified hydroxyethyl cellulose aqueous solutions to provide new insights into the debate on the morphological structure of HEC molecules when dissolved in water. We have employed "seven" rheological techniques to explore viscoelastic properties of HEC solutions with 0.05 < c < 8 wt%, at different time and length scales. We have used (i) a stress-controlled rotational rheometer to perform conventional bulk-rheology measurements and four microrheology methods including (ii) optical tweezers, (iii) diffusing wave spectroscopy, (iv) dynamic light scattering, (v) passive video particle tracking, and two microfluidics platforms (vi) m-VROC and (vii) μ-rheometer. The results of all these techniques display remarkable and 'rarely seen' agreement, making the outcomes of this work 'selfconsistent'. Our results are in good agreement with theoretical predictions for flexible polymers solutions. 55 In particular, we have found that (i) when dissolved in water, unmodified 18±0.12 , respectively. Finally, to the best of our knowledge, this is the f irst time that concentration scaling laws of λ have been derived from direct measurements (μ-rheometer, bulk rheology, optical tweezers, and dynamic light scattering) rather then being inferred from semiempirical theoretical models where λ is used as a fitting parameter of fluid shear flow curves, such as in the Bird−Carreau model. 89 
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